A relative ability of industrial samples of four phosphorus-free polymers (polyaspartate (PASP); polyepoxysuccinate (PESA); polyacrylic acid sodium salt (PAAS); copolymer of maleic and acrylic acid (MA-AA)) and of three phosphonates (aminotris(methylenephosphonic acid), ATMP; 1-hydroxyethane-1,1-bis(phosphonic acid), HEDP; phosphonobutane-1,2,4-tricarboxylic acid, PBTC) to inhibit calcium sulfate precipitation is studied following the NACE Standard along with dynamic light scattering (DLS), scanning electron microscopy (SEM), and X-ray diffraction (XRD) technique. For the 0.5 mg⋅dm −3 dosage, the following efficiency ranking was found: MA-AA ∼ ATMP > PESA (400-1500 Da) > PASP (1000-5000 Da) ≫ PAAS (3000-5000 Da) ∼ PBTC ∼ HEDP. The isolated crystals are identified as gypsum. SEM images for PESA, PASP, PAAS, and HEDP and for a blank sample indicated the needle-like crystal morphology. Surprisingly, the least effective reagent PBTC revealed quite a different behavior, changing the morphology of gypsum crystals to an irregular shape. The DLS experiments exhibited a formation of 300 to 700 nm diameter particles with negative -potential around −2 mV for all reagents. Although such -potential values are not capable of providing colloidal stability, all three phosphonates demonstrate significant gypsum particles stabilization relative to a blank experiment.
Introduction
Calcium sulfates are common scale-deposit minerals in water treatment plants and oil and gas industry, causing significant plugging of pipe lines and membranes and increasing the production cost [1] . Commercial scale inhibitors (antiscalants) are widely used for preventing scale deposits in pipes, heat exchangers, and desalination facilities [1] [2] [3] [4] .
Commonly used commercial antiscalants are represented by three chemical families: polyphosphates (hexametaphosphate (HMP), tripolyphosphate (TPP), etc.), organophosphonates (aminotris(methylenephosphonic acid), ATMP; 1-hydroxyethane-1,1-bis(phosphonic acid), HEDP; 2-phosphonobutane 1,2,4-tricarboxylic acid (PBTC), etc.), and organic polyelectrolytes (polyacrylates (PA); polycarboxysulfonates). Among these, the organophosphonates are dominating recently at the World market [5] . At the same time, phosphorus-based inhibitors are hardly biodegradable and persist for many years after their disposal, which leads to eutrophication problems [4, 6] . Phosphorus discharges are therefore regulated in many countries worldwide, and permissible limits are constantly decreasing [4] .
Increasing environmental concerns and discharge limitations have forced the scale-inhibitor chemistry to move toward "green antiscalants" that are readily biodegradable and have minimal environmental impact. Intensive efforts are applied recently to develop the "green" alternatives to organophosphonates and nonbiodegradable polyacrylates [2, 4, [7] [8] [9] . Among these novel inhibitors, such chemicals as polymaleates (PMA), polyaspartates (PASP), and polyepoxysuccinates (PESA), as well as their various derivatives including copolymers with PA, are the most promising.
It is important to note that the new antiscalants should have acceptable levels of performance at cost-effective dose rates. This requirement raises a problem of reliable tests, which permit a correct "old red" and "novel green" inhibitors 2 Advances in Materials Science and Engineering efficiency comparison [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Unfortunately, most of the data published on calcium sulfate deposition are considering a single antiscalant or a single group of similar reagents studied under hardly comparable conditions [8-11, 19, 21, 22] , for example, different supersaturation index, brine composition, temperature, and measurement technique. Unfortunately, the comparative inhibitors performance ranking reports done by one and the same research group under uniform conditions are rather rare [7, 12-14, 18, 21, 22] . At the same time, such rankings reveal frequently rather conflicting results. For example, different research groups report for calcium sulfate different antiscalant efficacy sequences. Particularly, for one and the same set of reagents, one group presents X@DP as the most efficient [12] , while some others report it to be the least effective [22] . Meanwhile, for PBTC, both groups report a rather poor efficiency [12] [13] [14] , while [18] indicates exactly PBTC as an antiscalant of choice for gypsum precipitation.
In this respect, a comparative performance of some traditional antiscalants (phosphonates, polyacrylates) and the novel environmentally friendly polymers (PASP, PESA) studied by a reliable method under comparable conditions becomes desirable. In the present work, the effects of industrial samples of four phosphorus-free polymers and of three phosphonates were tested with respect to their ability to inhibit calcium sulfate precipitation following NACE Standard [23] . Since it is anticipated that the inhibitors would cause changes of the surface charge of the calcium sulfate particles thus affecting their aggregation [20] , then the zetapotential measurements by dynamic light scattering (DLS) technique were conducted along with scanning electron microscopy (SEM) and powder X-ray diffraction (XRD) studies of the solid phase equilibrating with colloidal solution. As far as we know, none of the antiscalants mentioned above was studied by NACE protocol for gypsum scale inhibition activity. At the same time, the supplementary details of a corresponding scale formation characterized by DLS, SEM, and XRD technique are also quite novel.
Materials and Methods

Materials.
Polymer based industrial antiscalants, polyaspartic acid sodium salt (PAS`), copolymer of maleic and acrylic acid (MA-AA), polyepoxysuccinic acid (PESA), and sodium salt of polyacrylic acid (PAAS), have been kindly supplied by Shandong Taihe Water Treatment Technologies Co., Ltd., and analyzed by NMR and dynamic light scattering technique (DLS). Table 1 lists the properties of polymers tested.
Industrial solid posphonates aminotris(methylenephosphonic acid), ATMP and 1-hydroxyethane-1,1-bis(phosphonic acid), and HEDP have been supplied by a manufacturer OAO "Khimprom," Novocheboksarsk, Russia. Both have been analyzed by NMR, found to have nearly reagent grade purity, and used without further purification. A liquid sample of 2-phosphonobutane 1,2,4-tricarboxylic acid (PBTC) is supplied by Shandong Taihe Water Treatment Technologies Co., Ltd. Polymer and phosphonate stock solutions were prepared on a dry weight basis. The desired concentrations of inhibitors were obtained by dilution.
1 H, 31 P, and 13 C NMR measurements of polymer and phosphonate aqueous solutions were recorded with Bruker AVANCE II 300 spectrometer at ambient temperature in the 5 mm diameter sample tubes. The external standard solutions of TMS ( 1 H, 13 C) or phosphoric acid ( 31 P) were placed in a 1 mm inner coaxial tube.
For brine preparations, the analytical grade chemicals were used. Stock solutions of calcium chloride, sodium carbonate, and disodium sulfate were prepared from the respective crystalline solids (Aldrich; EKOS-1) using distilled water, filtered through a 0.22 m filter paper and standardized as described in [23] . NaCl. By the end of the precipitation process, the ionic strength of this solution was around 0.2 mol⋅dm −3 , provided mostly by NaCl, and with activity coefficients ± = 0.771 [24] .
Inhibition Evaluation
A supersaturated solution of calcium sulfate with a calculated amount of inhibitor (from 0.5 to 15 mg⋅dm −3 for polymers and from 0.5 to 3 mg⋅dm −3 for phosphonates) was then kept for 24 hours at 71 ∘ C, cooled, and analyzed for residual calcium content by EDTA titration. The pH of the solutions at 25
∘ C was about 6 to 7. All experiments were run in duplicate.
The performance of the tested compounds as calcium sulfate was calculated as inhibition percent ( , %):
where [Ca] exp is the concentration of calcium in the filtrate in the presence of an inhibitor at 24 hours, [Ca] final is the concentration of calcium in the filtrate in the absence of an inhibitor at 24 hours, and [Ca] init is the concentration of calcium at the beginning of the experiment. At the end of experiments, solid samples of precipitates if any were collected for characterization by powder Xray diffraction (XRD) and by scanning electron microscopy (SEM). Besides, the liquid phase was monitored by DLS technique after heating. The corresponding data are presented in Tables 2, 3 
Crystal Characterization.
The precipitated solids, after being triply rinsed with deionised water and air drying at 
50
∘ C, were characterized by scanning electron microscopy (SEM, Hitachi TM-3030) and powder X-ray diffraction (XRD, Bruker D8 Advance diffractometer; Cu K ; Ni-filter; LYNXEYE detector). The XRD phase identification was done with JCPDS data base, and relative phase content was estimated with Topaz R software (Bruker AXS). The sample examinations by SEM were done at 15 kV accelerating voltage in a Charge-Up Reduction Mode with crystal phase located on 1 Conducting Double-Sided Tape and the working distance 4.1 mm. NaCl aqueous solution were measured and used to characterize the solvent. All the antiscalant solutions were clarified by 0.45 m Millipore Nylon filters to remove dust and checked by DLS technique for a presence of nanoparticles. The same operation was done with calcium and carbonate solutions before they have been mixed. The samples of calcium sulfate saturated solutions as well as calcium-free samples of all polymers used were analyzed for solid phase particle size and -potential directly after 24 hours of thermal treatment and cooling, 4 hours after cooling, and 24 hours after cooling.
Liquid Phase
Results and Discussion
Relative Inhibition Efficiency Evaluation.
After calcium and sulfate brines are mixed in the blank experiment (without antiscalant) at 25 ∘ C, no visual formation of a solid phase is observed. Only after 24 hours of treatment at 71 ∘ C and a subsequent cooling up to 25 ∘ C, the solution turbidity occurs and increases with time. However, the EDTA titration performed immediately after cooling indicates that almost 75% of the initial calcium content still remains in a liquid phase. Thus, the solid phase formation process is spread over a substantial period of time, and that leads to undesirable differences in duplicate titrations and increases the experimental error. Implementation of inhibitor increases liquid phase calcium content up to 100%. Figure 1 demonstrates that all four polymers reveal an increasing inhibition performance as the dosage is changed from 0.5 to 15 mg⋅dm −3 . At the same time, when reagent concentration exceeds 1 mg⋅dm −3 , then the efficacy becomes dosage-independent. The constancy indicates that 100% efficiency is achieved.
ATMP exhibits the same inhibition efficacy as the best one of polymers studied (MA-AA) ( Table 2) . Meanwhile, for HEDP and PBTC, the maximal efficacy does not exceed 60 and 80%, respectively, when inhibition becomes dosageindependent. Thus, PBTC reveals generally better performance than HEDP, although both phosphonates are the least effective among the reagents tested ( Table 2 ). The differences between polymers get visible at 0.5 mg⋅dm −3 dosage. For such an antiscalant content, the following ranking is obtained:
MA-AA ∼ ATMP > PESA (400-1500 Da) > PASP (1000-5000 Da) ≫ PAAS (3000-5000 Da) ∼ PBTC ∼ HEDP.
For 3 mg⋅dm −3 reagent dosage, a further differentiation between PAAS (3000-5000 Da), HEDP, and PBTC becomes possible: PAAS (3000-5000 Da) > PBTC > HEDP.
In Table 3 , our ranking is presented along with literature data [7, 9, [12] [13] [14] [15] [16] [17] [18] [20] [21] [22] . Surprisingly, the results of all known comparative studies of the inhibitor efficiency are obtained under different experimental conditions and none of them follow NACE protocol. Our evaluation agrees with sequence reported by [12] [13] [14] , polyacrylate PAAS (3000-5000 Da) > PBTC > HEDP, and with those presented in [19] , ATMP > HEDP as well as in [22] , PESA > HEDP. At the same time, it is in some disagreement with [15, 22] concerning PASP/PESA relative efficiency.
This inconsistence however can be attributed to the different molecular mass of PASP and PESA used in [15, 22] and in the present work. Meanwhile, our data do not conform to the conclusions concerning X@DP [12] and PBTC [18] preference over PESA (1500 Da) and PA (1800 Da). A possible explanation of the conflicting results may be attributed to the different quality of industrial polymers produced by different manufacturers. Each polymer sample contains according to NMR analysis a certain amount of monomers and byproducts which give no contribution to the inhibition effect but might be erroneously treated as active ingredients under "total solid phase content," specified normally by the manufacturer. Different samples of one and the same polymer with the same molecular mass and the same total solid phase content therefore may have different active substance content and reveal different efficacy. Unfortunately, most of the manufacturers do not differentiate the "total solid phase content" and "active solid phase content." Usually, this is not the case of phosphonates, which have normally much less impurities, such as phosphoric or phosphinic acids.
However, 20 years ago, we have tested seven industrial samples of HEDP present at Russian market and registered for all of them an impurity of the ball-shaped tetramer of HEDP, which had a zero inhibitory activity. Moreover, for the two lots among these, the tetramer content exceeded 30% of the total phosphorus, claimed as HEDP [25] . Our critical analysis of phosphonates dated 2001 indicated also that such a reagent as diethylenetriaminepenta(methylenephosphonic acid) (DTPH) might have more phosphorus rather as the byproducts than as DTPH itself [26] . Thus, for the pair "phosphonates/phosphorus-free polymers," the conflicting results may arise from different reagent quality. Unfortunately, up to now, none of the papers published have considered the reagent quality.
Generally, the efficiency of the "green" regents PESA (400-1500 Da) and PASP (1000-5000 Da) is very close to that of a traditional phosphonate ATMP and to a novel phosphorus-free MA-AA (Table 2) . At the same time, PESA and PASP demonstrate much better activity than a traditional polyacrylate (PAAS), PBTC, and HEDP as far as gypsum scale is concerned.
Meanwhile, the NACE protocol ranking of the same reagents for calcium carbonate scaling gives a bit different sequence [27] :
ATMP > HEDP > PESA (400-1500 Da) ∼ PASP (1000-5000 Da) > PAAS (3000-5000 Da) ∼ MA-AA.
A comparison of (2) and (3) indicates that ATMP is one of the best reagents for both carbonate and sulfate fouling, while MA-AA and HEDP efficiency are strongly dependent on the scale chemistry. "Green" antiscalants PESA and PASP also reveal good activity toward both carbonate and sulfate deposits. However, the NACE protocol deals either with calcium carbonates or with calcium sulfates, while the sea water used in RO technologies has both these salts present. Therefore, NACE testament as well as any other laboratory-scale evaluation seems to be an important but a very preliminary test to be verified by a test under real RO conditions. A comparison of NACE protocol antiscalant rankings with those obtained in RO experiments is now a matter of our separate publication, which is now in press.
Solid Phase Characterization by XRD and SEM.
A set of experiments with an antiscalant dosage of 0.5 mg⋅dm
was chosen for equilibrating liquid and solid phases characterization as far as it was possible to isolate some crystals for this dosage of PESA, PASP, PAAS, HEDP, and PBTC. The precipitated phases in all cases are identified by XRD as gypsum. Indeed, at ambient temperatures of 20 ∘ C, gypsum is the most common form [28] . This result is consistent with those found earlier for calcium sulfate supersaturated solution [11, 28] .
The crystal morphology of CaSO 4 ⋅2H 2 O depends on the supersaturating ratio and crystallization kinetics. Needle-like crystals were noticed to be generated under conditions of low supersaturation ratio < 2.27, dominated by surface crystallization and characterized by a lengthy induction time prior to nucleation. On the other hand, plate-like morphology is observed at a supersaturation ratio of 10.86, dominated by bulk crystallization [28] . Indeed, for our blank experiment without inhibitor and for those run in the presence of PESA, PASP, PAAS, and HEDP, the SEM images indicate needle-like crystals (Figure 2) . Evidently, these antiscalants get adsorbed onto gypsum surface. PESA, PASP, and PAAS provide the visible pitting-like spots on the gypsum crystal surface but change neither crystallographic form nor the morphology of gypsum crystals. The gypsum crystals isolated from HEDP solutions had no pits and do not seem to differ from those obtained in a blank experiment. Surprisingly, PBTC reveals a different behavior (Figure 3 ), demonstrating a capability to change the morphology of gypsum crystals up to a completely irregular shape. We have run six replicates of a NACE test with 0.5 mg⋅dm −3 dosages. All six experiments with PBTC gave crystals without pits, but with significantly shortened needles, while two revealed the form, presented in Figures 3(a) and 3(d) .
Actually, the modification of crystal morphology and even of the crystallographic form by an antiscalant is well known [11, 27, 29] . Moreover, this change of crystal morphology is usually interpreted as a direct approval of the inhibition mechanism, which supposes a decreased growth rate of the deposited crystals by blocking the active sites of growth by an antiscalant molecule [29] [30] [31] .
In this relevance, one could expect that the most effective antiscalant should cause the maximal distortion, while the least effective would reveal the minimal change in crystal morphology if any. In our case, the more effective antiscalants PESA, PASP, and PAAS do not change the morphology of gypsum, while the less effective PBTC does. We have reproduced these SEM measurements several times and got the same result. As far as we know, this is the first observation of the "irregular" impact of antiscalants on the crystal morphology. Thus, some theoretical grounds need further improvement or revision in this respect.
DLS Liquid Phase Characterization.
Along with a solid phase characterization, the DLS experiments with the liquid phase were performed (Tables 4 and 5 ). These experiments were run for a 0.5 mg⋅dm −3 antiscalant dosage, which provides 100% (ATMP, MA-AA), 80% (PASP), or nearly 40% (PBCT, HEDP) inhibition. At this concentration level, neither MA-AA nor PASP exhibits any DLS-detectable selfassociated particles. Thus, the observed particles belong to the gypsum phase.
Each supersaturated calcium sulfate solution was tested after 24 hours of incubation at 71 ∘ C and a subsequent cooling of the sample to 25 ∘ C. This point corresponds to the inhibition efficiency estimation by a NACE protocol. However, the two more additional measurements have been run with the same solutions: 4 hours later and 24 hours after the first measurement.
Immediately after cooling, a blank solution reveals the presence of monomodal calcium sulfate particles, characterized by a mean diameter of about 150 nm, which changes rapidly within the next 4 hours up to 300 nm, and apotential of around −2.4 mV (Table 4, Figure 4 ). This colloidal solution is very unstable and within the next 24 hours at ambient temperature the corresponding increase in solution turbidity, the scale mass, and particles hydrodynamic diameter up to 5000 nm is observed (Table 5) .
At the same time, the size distribution becomes bimodal indicating two fractions with mean hydrodynamic diameter of 500 and 4000 nm (Figure 4 ). These data demonstrate that the initially formed particles grow monotonously in size due to the calcium and sulfate ions accumulation by gypsum crystal lattice of the crystallization centers that have initially formed in a supersaturated solution. After the particle size reach c.a. 500 nm level, then, an aggregation of these particles likely takes place, and a fraction with 4000 nm diameter occurs in an equilibrium with 500 nm diameter particles.
In presence of inhibitors, the DLS screening of gypsum supersaturated solutions indicates immediately after cooling a particle distribution, which is very similar to that observed for the blank solution (Table 4) . For all the reagents studied, a formation of 300 to 700 nm diameter particles is registered with a miserably low negative -potential around −2 mV. At the same time, there is no significant difference between "good" and "bad" inhibitors, and there is no definite correlation of a particle size or -potential with a scale inhibition efficiency. Indeed, for MA-AA and PASP, the monomodal volume distribution is observed with a mean particle diameter of 500 and 330 nm and -potential values of −1.5 and −7.0 mV, respectively. For the phosphonates, either bimodal (PBTC, ATMP) or even three-modal (HEDP) particle size distribution from 50 to 700 nm is found. All these particles reveal very low -potential values.
As far as phosphonates are concerned, this result is a particular challenge for the theory: the observed -potentials are hardly capable of stabilizing the colloidal solution, which requires normally 30 mV ≤ or ≤ −30 mV [32] . Therefore = −3 mV is unable to provide any colloidal stability of calcium sulfate under the conditions of a NACE protocol. Evidently, none of the phosphonates studied reveal -potential higher than that found in a blank solution. At the same time, the phosphonate solutions reveal the presence of colloidal particles of a size similar to the blank solution. However, the NACE protocol reports equally a 100% inhibition for both MA-AA and ATMP and a nonzero inhibition for PBTC and HEDP.
A situation becomes more clear from the 24-hour DLS experiments. For MA-AA, the gypsum particles (i) do exist in the supersaturated gypsum solutions; (ii) do not aggregate irrespective of a very low electrostatic repulsion; and (iii) do not form any scale (100% inhibition). Unlike MA-AA, ATMP reveals an increase of a mean particle size up to 5000 nm within 24 hours (Table 5, Figure 4) . Thus, ATMP is surely a weaker inhibitor relative to MA-AA.
It should be noted that such an increase for all three phosphonates studied has a discrete character. Three fractions ranging from 50 to 70 nm, from 300 to 500 nm, and around 4000 nm exist in a semiequilibrium with one another. Meanwhile, an intensity of the bigger particles light scattering is steadily increasing with time, while for the smaller particles it is decreasing. Thus, the differences between the blank experiments and scaling in the presence of inhibitor might be explained by the different number of particles initially formed. In the latter case, the number of solid phase particles should be sufficiently less than those in a blank solution. Thus, both the polymers and phosphonates studied prevent mostly the initial crystallization centers formation. However, an approval or disapproval of such a hypothesis requires further research.
Conclusions
A relative ability of the industrial samples of four phosphorus-free polymers (PASP, PESA, PAAS, and MA-AA) and of three phosphonates (ATMP, HEDP, and PBTC) to inhibit calcium sulfate precipitation is tested following the NACE Standard TM0374-2007 for the dosages 0.5 and 3.0 mg⋅dm −3 .
For the dosage 0.5 mg⋅dm −3 , ATMP and MA-AA exhibited 100% inhibition, while PBTC and HEDP revealed the least efficacy around only 40%. The following efficiency ranking MA-AA ∼ ATMP > PESA (400-1500 Da) > PASP (1000-5000 Da) ≫ PAAS (3000-5000 Da) ∼ PBTC ∼ HEDP is found. Taking into account 1.0 mg⋅dm −3 dosage data and DLS measurements, this ranking may be formulated more precisely: MA-AA > ATMP > PESA (400-1500 Da) > PASP (1000-5000 Da) ≫ PAAS (3000-5000 Da) > PBTC > HEDP. Thus, the maleic anhydride-based polymer is found to be the most effective for CaSO 4 scaling system in static laboratory NACE testament conditions. Analysis of publications on inhibiting impact of different antiscalants on the calcium sulfates deposition and of the existing laboratory reagent rankings reveals rather conflicting results. Such a diversity in antiscalants efficacy reports makes a choice of a proper reagent for a particular application rather difficult. It is stated that the grounds for that may be associated with unclear reagent formulations and nonuniform testament conditions (different [SO 4 2− ]/[Ca 2+ ] molar ratios, different supersaturation indexes, different temperatures, treatment time, etc.). Thus, a widely accepted laboratory-scale inhibitors screening procedure is required and a large variety of empirical techniques to assist selection of suitable antiscalants for specific situations has to be developed.
A parallel study of the aqueous and solid gypsum phases in NACE brines by DLS, SEM, and XRD indicated that the observed colloidal stability in presence of phosphonates and polymers could not be attributed to either electrostatic stabilization or the crystal growth retardation. Indeed, the zeta-potentials for all reagents appeared to be insufficient to prevent gypsum particles aggregation. Meanwhile, it is found that those reagents that demonstrate a higher inhibition efficacy in a NACE brine do not change the morphology of gypsum, while the less effective PBTC does. As far as we know, this is the first observation of such "anomalous" impact of antiscalants on the crystal morphology. These facts support an opinion that the antiscalant activity mechanisms are still not yet clear [29, 33, 34] , and a further work is needed to reach a progress in this field. 
